Whistler-mode wave packets with fields exceeding the ambient dc magnetic field have been excited in a large, high electron-beta plasma. The waves are induced with a loop antenna with dipole moment either along or opposite to the dc field. In the latter case the excited wave packets have the topology of a spheromak but are propagating in the whistler mode along and opposite to the dc magnetic field. Fieldreversed configurations with net zero helicity have also been produced. The electron magnetohydrodynamics fields are force free, have wave energy density exceeding the particle energy density, and propagate stably at subelectron thermal velocities through a nearly uniform stationary ion density background. Having been discovered about a century ago [1], whistler waves are some of the best studied waves in plasmas. However, most of the known wave properties refer to linear waves whose wave magnetic fields are small compared to the ambient dc field [2] . Much less is known about very large amplitude whistlers waves (B wave > B dc ). In laboratory plasmas, field-reversed configurations (FRCs) have been created in the regime of electron magnetohydrodynamics [3] (EMHD) for confinement [4, 5] and reconnection studies [6] [7] [8] . Small-amplitude propagating whistler vortices have been studied extensively [9] . However, the propagation of large amplitude whistlers is not straightforward since the net magnetic field is completely modified and the wave dispersion depends on the total magnetic field. Here we present first confirmation that whistlers with magnetic null points can propagate. The structures have been produced by induction with magnetic loops driven with oscillatory currents. When the applied field is opposite to and much stronger than the ambient field the imposed field-reversed configuration induces in the plasma two oppositely propagating spheromak-like structures of opposite helicity. These ''whistler spheromaks'' propagate with their null points predominantly along the weak ambient magnetic field, not the nonuniform local magnetic field. The sign of helicity is the same as that for linear vortices. Except for some wobble, the vortices remain stable as they propagate and slowly dissipate. The vortices can only be excited with oscillatory currents. With a single current pulse a ''whistler FRC'' is induced which does not split into two spheromaks. We also show the properties of whistlers with wave fields parallel to and much larger than the ambient field.
Having been discovered about a century ago [1] , whistler waves are some of the best studied waves in plasmas. However, most of the known wave properties refer to linear waves whose wave magnetic fields are small compared to the ambient dc field [2] . Much less is known about very large amplitude whistlers waves (B wave > B dc ). In laboratory plasmas, field-reversed configurations (FRCs) have been created in the regime of electron magnetohydrodynamics [3] (EMHD) for confinement [4, 5] and reconnection studies [6] [7] [8] . Small-amplitude propagating whistler vortices have been studied extensively [9] . However, the propagation of large amplitude whistlers is not straightforward since the net magnetic field is completely modified and the wave dispersion depends on the total magnetic field. Here we present first confirmation that whistlers with magnetic null points can propagate. The structures have been produced by induction with magnetic loops driven with oscillatory currents. When the applied field is opposite to and much stronger than the ambient field the imposed field-reversed configuration induces in the plasma two oppositely propagating spheromak-like structures of opposite helicity. These ''whistler spheromaks'' propagate with their null points predominantly along the weak ambient magnetic field, not the nonuniform local magnetic field. The sign of helicity is the same as that for linear vortices. Except for some wobble, the vortices remain stable as they propagate and slowly dissipate. The vortices can only be excited with oscillatory currents. With a single current pulse a ''whistler FRC'' is induced which does not split into two spheromaks. We also show the properties of whistlers with wave fields parallel to and much larger than the ambient field.
Our experiments are performed in a large (1 m diameter, 2.5 m length) pulsed dc discharge plasma generated with a 1 m diameter oxide coated cathode shown schematically in Fig. 1(a) . The parameter regime is that described by EMHD (magnetized electrons, unmagnetized ions). An insulated magnetic loop antenna (4 turns, 20 cm diameter) is inserted into the plasma center and a charged (1200 V) capacitor (0:1 F) is discharged into the loop using a fast power transistor. This results in a damped oscillatory current (I max ' 129 A) which decays with period T 2LC 1=2 ' 5 s and decay time ' 28 s in vacuum. Basic circuit analysis yields the circuit inductance L ' 8:6 H and series resistance of R vac 2:3 in vacuum and R pl ' 7:1 in plasma. The increase in resistance, R R pl ÿ R vac ' 4:8 allows one to calculate the power deposited into the plasma, I
2 R=2 40 kW, a significant fraction (51%) of the applied power of P I peak V peak =2 ' 77 kW. In vacuum the magnetic field in the center of the loop at the peak current is given by B 32 G B 0 . Figures 1(b) and 1(d) show two types of waveforms employed, a ringing waveform and a single pulses when shortened to a half period. The local magnetic field is measured with a single magnetic probe containing three orthogonal small loops (5 mm diameter) which can be moved in three orthogonal directions. From highly repeatable (n=n < 3%) discharges at a fast repetition rate (1 Hz), the space-time dependence of the field is measured with a four-channel digital oscilloscope (10 bit, 10 ns resolution), stored and digitally processed. At each probe position we measure the fields in vacuum, and in plasma with different current polarity. This allows us to distinguish the fields created by plasma currents, B plasma , from those created by antenna currents, B coil , and to demonstrate important differences in the axial field direction relative to B 0 . A Langmuir probe is also attached next to the magnetic probe so as to measure the plasma parameters in space and time. We also perform light emission measurements with a photomultiplier tube with good temporal (<1 s) and spatial (<2 cm ? line of sight) resolution. shows two components (B y , B z ) as a vector field, indicating the field topology. The coil field is self-evident. Of primary interest are the two adjacent field-reversed regions which are created by toroidal electron currents along the toroidal null line. The induced current rings are slightly tilted and wobble as they propagate axially away from the coil which is best seen in a video clip [10] . The third field component B x is shown as a contour plot in Fig. 2(c) . Of primary interest is the field near the emitted field-reversed regions. The alternating polarity of B x , coupled with the high axial symmetry, shows that there exists a toroidal field that links with the poloidal field (B y ; B z ). The net field lines in the field-reversed regions are nested helices as in a spheromak. For the left spheromak, propagating against B 0 , the toroidal and poloidal field linkage is left-handed (negative helicity), for the right spheromak the helicity sign is reversed. Figure 2(d) shows the wave energy density, B 2 plasma =2 0 . Two wave packets are emitted. These whistler spheromaks carry a peak wave energy density ('2 J=cm ÿ3 ) exceeding the particle energy density (nkT e ' 0:3 J=cm ÿ3 ). Before describing their propagation, we will contrast the excitation of spheromaks with that of FRCs using a single coil current pulse. Figure 3 gives a similar presentation of the field properties when instead of a sinusoidal coil current a single current pulse (half-period oscillation) is applied. The polarity is chosen such that the coil field opposes the ambient field. Consistent with Lenz's law the rise in the coil current induces an opposing current loop in the plasma. It creates an axial field, B z > 0, which propagates away from the coil and is seen in Fig. 3(a) at the left side of the plane (z ÿ45 cm). When the coil current decreases the induced plasma current has the same direction as the coil current to maintain the imposed FRC. Well after the coil current has vanished, as is the case in Fig. 3 , the FRC is maintained by electron currents. Figure 3(b) shows that there are opposing toroidal fields at each end of the FRC but none in the center as in propagating wave packets. The net helicity of the FRC is zero. It is observed that the freely relaxing FRC does not split into two propagating spheromaks. The originally oblate FRC just elongates into a prolate FRC as demonstrated by the field energy density shown in Figs. 3(c) and 3(d) .
The self-consistent generation of toroidal fields can be interpreted by the convection of frozen-in axial field lines in the toroidal electron fluid flow. The stretching of the FRC can be interpreted as the convection of transverse field lines by axial flows. The outward flow is the result of poloidal currents at each end of the FRC which create the toroidal fields. In order to break up the FRC into two propagating spheromaks the toroidal current in the center (z 0) has to vanish, requiring an opposing toroidal electric field. This does exist for an oscillating current drive but not for a single pulse. Figure 4 shows contours of magnetic energy density vs time and axial position along the symmetry axis (x y 0). Figure 4(a) shows the excitation field B 2 coil =2 0 in vacuum, which is the nonpropagating weakly damped oscillatory antenna near-zone field. In plasma it excites a wave field whose amplitude and propagation is highly nonlinear [Fig. 4(b) ]. The first half cycle of I coil produces B z;coil k ÿB 0 so that the first wave excited has B z;plasma k B 0 . It propagates in the absence of null points at an axial speed v z ' 34 cm=s. The second excited wave is a whistler spheromak which has a large energy density and slow speed, v z ' 10 cm=s. The third wave has again B z;plasma k B 0 , a small intensity but higher speed v z ' 19 cm=s. The fourth wave is a weaker spheromak with v z ' 15 cm=s. The consistent pattern is that (i) whistlers with B z;plasma k B 0 propagate faster than spheromaks, (ii) the propagation speed increases with wave intensity when B z;plasma k B 0 and decreases when B z;plasma k ÿB 0 . It should be noted that all wave speeds are smaller than the electron thermal velocity, v e;th ' 85 cm=s, without the waves being severely Landau damped. The turn-on of a half-period current oscillation produces a whistler with B z;plasma k B 0 propagating at v z ' 27 cm=s similar to the first wave in Fig. 4(b) . The turnoff creates the FRC which slowly expands in z but its peak energy density remains at z 0. The nonlinear waves excited by an oscillatory current cannot be explained by a linear superposition of single pulse responses.
Finally, we address the nonlinear wave damping as inferred from light emission measurements which indicate electron heating. Figure 1(c) displays the light intensity I light t near the coil for an oscillating coil current [ Fig. 1(b) ]. For waves with B z;plasma k B 0 negligible light is observed. However, for spheromaks and FRCs strong electron heating is measured. In these field configurations the current is peaked near a toroidal null line where EMHD breaks down and J tor E tor > 0. In the former case the toroidal current is primarily an electron Hall current such that J E ' 0. By measuring the external current and voltage on the loop we calculated the instantaneous energy Ut R t 0 I coil t 0 V coil t 0 dt 0 which for t > t pulse ' 2 s yields the energy deposited. For a peak energy of 55 mJ about 2 mJ are lost in the circuit resistance (measured in vacuum), 14 mJ are deposited into the plasma when B z;coil k B 0 and 23 mJ are deposited into the plasma when B z;coil k ÿB 0 . In the latter case the additional 9 mJ deposited accounts for the larger wave energy and heat deposited into the electrons within the coil region, nkT e r 2 l 1 mJ for n 10 12 cm ÿ3 , kT e 2 eV and r l 10 cm. In spite of a strong dependence of electron heating on wave polarity and amplitude the wave energy decay (Fig. 4) is not significantly different, implying that convection still dominates over dissipation. For B z;coil k ÿB 0 , the antenna-plasma coupling is simply better. For a single coil current pulse [ Fig. 1(d) ], strong light is produced [ Fig. 1(e) ] only for that polarity which produces magnetic null points (m z;coil < 0, where m is the magnetic dipole moment).
In summary, we have demonstrated the existence of whistler modes with wave fields exceeding the ambient field and described their nonlinear propagation and damping properties.
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